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bstract

A fast, sensitive and accurate method for the determination of gemcitabine (difluorodeoxycytidine; dFdC) and deoxycytidine (CdR) in human
lasma/tissue was developed using LC–MS/MS techniques. Effectiveness of the method is illustrated with the analysis of plasma from a phase I
rial of dFdC administered as a 24 h infusion. The method was developed using 15N3 CdR as an internal standard across the concentration range
f 1–500 ng/ml, using a cold alcohol-protein precipitation followed by desorption with freeze drying. Sample clean-up for LC–MS/MS analysis
as performed by an innovative liquid/liquid back extraction with ethyl acetate and water. Chromatography was performed using a Chrompak-

pherisorb-phenyl-column (3.1 mm × 200 mm, 5 �m) with a 50 mM formic acid: acetonitrile (9:1) mobile phase eluted at 1 ml/min. Extracted
amples were observed to be stable for a minimum of 48 h after extraction when kept at 4 ◦C. Detection was performed using an atmospheric
ressure chemical ionization (APCI) source and mass spectrometric positive multi-reaction-monitoring-mode (+MRM) for dFdC (264 m/z; 112
/z), CdR (228 m/z; 112 m/z), and 15N3 CdR (231 m/z; 115 m/z) at an ion voltage of +3500 V. The accuracy, precision and limit-of-quantitation
LOQ) were as follows: dFdC: 99.8%, ±7.9%, 19 nM; CdR: 100.0%, ±5.3%, 22 nM, linear range LOQ to 2 �M. During 24 h infusion dFdC levels
ere detected with no interference from either CdR or difluorodeoxyuridine (dFdU). CdR co-eluted with dFdC but selectivity demonstrated no

crosstalk” between the compounds. In conclusion the analytical assay was very sensitive, reliable and robust for the determination of plasma and
issue concentrations of dFdC and CdR.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Gemcitabine (difluorodeoxycytidine, dFdC) is a deoxycyti-
ine (CdR) analogue (Fig. 1) that has shown chemotherapeutic
ctivity alone and in combination against a variety of solid tumor
ypes such as ovarian, non-small cell lung, pancreatic, bladder,
nd head/neck squamous cell carcinomas [1–5].

Further investigation of gemcitabine alone and in combina-

ion with other chemotherapeutics against other cancer types is
n on-going and expanding field. This is especially true con-
erning protocols involving combination therapies with other
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hemotherapy compounds such as cisplatin [6], irinotecan, vel-
ade [7], alimta [8], carboplatin [9] and radiation [10]. In addi-
ion, several schedules are being explored next to the standard
0-min infusion at 800–1250 mg/m2 and the fixed dose rate infu-
ion at 10 mg/m2 per 10 min [11]. In a randomized phase II trial
omparing the standard 30-min infusion with a fixed dose rate
FDR) infusion it has been shown that longer FDR infusion
emonstrated a better overall patient survival based on pharma-
okinetic data [12]. Also, it has been reported previously that
he continuous infusion of gemcitabine over a 24-h period com-
ared to the standard every 3-day bolus showed a significant
ncrease in murine anti-tumor activity [13]. The 24-h infusion
as also been explored for non-small cell lung cancer with com-

arable response data compared to the 30 min schedule [14],
owever, no pharmacokinetics were reported. Plasma concen-
rations were presumably below the detection limits of standard
PLC methods.

mailto:gj.peters@vumc.nl
dx.doi.org/10.1016/j.jchromb.2006.09.045
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ig. 1. Molecular structure of the compounds under investigation: (a) difluoro
eoxyuridine (UdR); (d) 15N3 deoxycytidine; (e) deoxycytidine (CdR).

Current HPLC methods reported in literature use UV detec-
ion and have a sensitivity range of between 0.1 and 50 �g/ml
13,15–17]. This proved to be insufficient for the detection of
emcitabine given as a 24 h infusions [13,18,19]. Mass spec-
rometric detection linked to HPLC is a growing field in phar-

aceutical analysis due to its greater sensitivity and selectivity.
n additional advantage is the faster analysis times commonly

ound with LC–MS/MS techniques. Two validated methods have
een reported for the determination of dFdC in human matrix
sing tandem mass spectrometry with a LLOQ of 0.019 �M
20,21]. However, one method was validated on urine and
roved to be not useful for human plasma [20], while the other
equired solid phase extraction and gradient chromatography
hich proved to be unworkable for tissue extraction [21]. Hence
e developed a sensitive, selective and rapid method using
C–MS/MS techniques for the determination of dFdC and CdR

n human plasma and tissue using isocratic conditions.

. Materials and methods
.1. Materials

Analytical grade solvents such as acetonitrile, formic acid,
thyl acetate and iso-propanol were supplied by Merck & Co.

(
A
s
a

cytidine (synonym gemcitabine, dFdC); (b) difluorodeoxyuridine (dFdU); (c)

distributed by VWR, Amsterdam, The Netherlands). HPLC
rade water was supplied via a MilliQ water purification sys-
em (Millipore, Amsterdam, The Netherlands) purified at 18 M�

nto glass using a QPAK2 cartridge and a UF cartridge directly
nto glass containers.

Reference standards for difluorodeoxycytidine (dFdC; gem-
itabine) and its major metabolite difluorodeoxyuridine (dFdU),
ere provided by Lilly Research (Eli Lilly & Co., Indi-

na, USA). 2′-Deoxycytidine and 2′-deoxyuridine (UdR) were
btained commercially from Sigma–Aldrich (Zwijndrecht, The
etherlands); 15N3 deoxycytidine was supplied by Cambridge

sotope Laboratories (distributed by CK Gas Products Ltd.,
ook, UK) and tetrahydrouridine was obtained from Cal-
iochem (distributed by VWR, Amsterdam, The Netherlands).

.2. Equipment

Freeze drying was performed with a Christ bench top
reeze drier (Salm and Kipp, Breukelen, The Netherlands) at
85 ◦C. Chromatography was conducted using a Perkin-Elmer
Wellesley, USA) series 200 HPLC system coupled with an
pplied Biosciences (Foster City, USA) SCIEX API 3000 mass

pectrometer for detection. The interface between the HPLC
nd detection systems was an atmospheric pressure chemical
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Table 1
Optimized parameters for dFdC, CdR and UdR as determined by infusion of
1 �g/ml solution of each compound dissolved in 50 mM formic acid:acetonitrile
(9:1, v/v) into the mass spectrometer via a turbo ion spray source, flow
rate = 10 �l/min

Compound DP FP EP P CXP

dFdC 28 250 10 23 20
CdR 31 237 10 14 20
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dR 24 268 10 21 20
5N3 CdR 31 237 10 14 20

onization (APCI) source. The injection system of the Perkin-
lmer series 200 HPLC was fitted with a 50 �l PEEK sample

oop and all tubing post injection was 0.05 mm PEEK. All
olumetric transfers were performed with in-house calibrated
ppendorf pipettes in sterile 1.5 ml Eppendorf polypropylene
crew cap tubes. Software used for data acquisition and integra-
ion was Analyst version 1.1 from Applied Biosciences upgraded
ith patches specific for Perkin-Elmer LC system series 200

utosampler and pump.

.3. Analytical procedure

.3.1. Mass spectrometry optimization
The optimized APCI conditions were as follows: nebulising

as flow 11 l/min, curtain gas flow 9 l/min, collision activated
issociation gas flow (CAD) 4 l/min, nebulisier current 3.0,
robe temperature 425 ◦C. Compound specific parameters such
s declustering potential (DP); focusing potential (FP); entrance
otential (EP); collision cell entrance potential (CE); collision
ell exit potential (CXP) were optimized from a 10 �g/ml stock
olution of each individual component (Table 1). The mass
pectrometry conditions of each compound were determined
y an infusion at 0.4 ml/h into a turbospray ionization source
t room temperature using a variety of different solvent con-
itions, the solvent with the best response was selected for
urther optimization. A period of 5 min was allowed for equili-
ration before spectra were collected over the positive Q1 range
f 50–2000 m/z for 3 s. Molecular ions were determined for
ragmentation over a positive Q3 range of 50–300 m/z for 3 s.
uantitation was developed in positive MRM (multi reaction
onitoring) mode by the monitoring of the determined tran-

ition pairs of m/z 264 (molecular ion)/112 (major fragment
on) for dFdC, m/z 228 (molecular ion)/112 (major fragment
on) for CdR, m/z 229 (molecular ion)/113 (major fragment
on) for UdR and m/z 231 (molecular ion)/115 (major fragment
on) for 15N3 CdR. The DP, FP, CE and CXP were optimized
or maximum signal response of each of the MRM transition
airs.

.3.2. Chromatographic conditions
Chromatographic separation was performed on two-
pherisorb phenyl econosphere glass columns (3.0 mm ×
00 mm; 5 �m) fitted in series with a zero dead volume holder
upplied by Chrompak (distributed by Varian, The Netherlands).
he column was maintained at room temperature and isocrat-
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cally eluted with a mobile phase consisting of 50 mM formic
cid:acetonitrile (9:1, v/v). Mobile phase was filtered through a
.2 �m pore nylon membrane filter and degassed by ultrasonica-
ion at 4 ◦C. The column protection was supplied by a Chrompak
18 cartridge, 50 �m. Flow rate was set at 1.0 ml/min and the
eaks of interest eluted within 5 min after an injection of between
and 40 �l.

.3.3. Sample collection
All standard/sample collection and preparation were per-

ormed on ice. Whole blood samples were taken from volunteers
nto either heparin or EDTA tubes directly spiked with tetrahy-
rouridine (25 �l of 10 mg/ml) to prevent deamination of dFdC
nd CdR. Plasma was prepared by centrifugation at 4 ◦C and
tored at −20 ◦C until required. Tissue samples were acquired
t the surgical site and immediately placed in liquid nitrogen and
tored at −80 ◦C in metal containers until analysis.

.3.4. Preparation of plasma standards
Stock solutions of dFdC, dFdU, CdR, UdR and 15N3 CdR

ere accurately prepared in methanol at a concentration of
pproximately 1 mg/ml. Purity and weight variations were
djusted by diluting approximately 1:10 to give a accurate
tock solution of 0.1 mg/ml. Subsequent dilutions of dFdC, CdR
nd UdR stock solutions were prepared to give standard com-
ined calibration solutions of 10, 4, 2, 1, 0.4, 0.2, 0.1, 0.04
nd 0.02 ng/�l. 10 �l of each dilution was added to 200 �l
f control plasma for standard preparation in a 1.5 ml Eppen-
orf tube. 15N3 CdR was used as an isotopic internal stan-
ard at a concentration of 100 �g/ml; 10 �l was aliquoted per
ube.

.3.5. Plasma sample preparation
10 �l of the internal standard dilution was added to a 1.5 ml

crew cap Eppendorf tube and 200 �l of sample plasma aliquoted
nto each. Samples and standard preparations were vortexed
riefly prior to addition of 1 ml isopropyl alcohol followed by
urther vortex mixing. Samples were allowed to stand on ice
or 5 min before vortexing again and subsequent centrifugation
t 4 ◦C/14,000 rpm for 5 min. The supernatant was transferred
o a new 1.5 ml screw cap Eppendorf tube and frozen in liquid
itrogen. All frozen samples were freeze dried overnight until
ll liquid had been removed.

The dried samples were reconstituted in 1 ml of ethyl acetate
nd vortex mixed thoroughly. After a brief centrifugation at
4,000 rpm/4 ◦C the ethyl acetate was transferred to a clean
.5 ml Eppendorf tube containing 100 �l of purified water. Each
ube was thoroughly vortex mixed followed by centrifugation
t 4 ◦C/14,000 rpm. The aqueous layer was then carefully trans-
erred into a 200 �l HPLC injection vial insert.

.3.6. Human tissue preparation

Prior to the extraction of tissue all containers and mill

quipment were cleaned with water/absolute alcohol before
eing placed in liquid nitrogen. Approximately 20–50 mg of
rozen tissue was accurately transferred to a sealed pre-cooled
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ontainer after which the frozen material was quickly pul-
erized using a vibrational mill [22]. The pulverized mate-
ial was then transferred to pre-weighed 2 ml eppendorf tube.
ne millilitre of an internal standard solution prepared iso-
ropyl alcohol (100 �g/ml; chilled to 4 ◦C prior to use) was
ccurately added. Each sample was vortex mixed and cen-
rifuged at 14,000 rpm/4 ◦C before the supernatant was trans-
erred to a clean vial. Each vial was frozen in liquid nitrogen
nd freeze dried overnight. The dried samples processed further
s described for plasma above.

.3.7. Data handling and calculations
A calibration curve for each analyte was determined using

inear least square analysis with 1/x, 1/x2 and without weight-
ng. Parameters used to determine the validity of the linearity
ere the deviation of the slope, the accuracy of the fit of the line

nd the percentage difference of the determined concentration
rom the theoretical. Recovery was determined as the calculated
oncentration from the line of best fit/the theoretical concentra-
ion.

.3.8. Validation procedure
Selectivity was determined as the ability of the analytical

ethod to differentiate and quantify an analyte in the pres-
nce of other related components and from individual com-
onents of the sample matrix. The precision, accuracy and
obustness were determined from the variation of duplicate
ontrol linearity’s analyzed on seven different days. The recov-
ry of the extraction procedure was calculated by comparing
he peak areas of each standard concentration against equiva-
ent absolute standard dilutions. Limit of detection was deter-

ined by successive standard dilutions calculating the signal to
oise ratio, the limit set for detection was a signal/noise ratio
f 3.

.4. Pharmacokinetic protocol

Plasma samples were obtained from patients enrolled into
phase I trial performed to determine the feasibility, side

ffects and the maximum tolerated dose of gemcitabine given
s a prolonged infusion in the hepatic artery. A compari-
on was made between the pharmacokinetics of gemcitabine
uring hepatic arterial infusion with intravenous infusion in
ach patient. Dosing was started at 75 mg/m2/24 h and esca-
ated to 180 mg/m2/24 h during the course of the study. Blood
amples were collected in all patients during day 1 and day

treatments in heparinized tubes containing tetrahydrouri-
ine (25 �g/ml) in order to inhibit degradation of dFdC to
FdU. Plasma was separated by centrifugation and stored
n 2 ml aliquots at −20 ◦C. Sampling schedule was con-
ucted in the following fashion 0, 2, 4, 24, 24.5, 26 and
8 h.
.5. Tissue investigation

Tissues were obtained from a study to determine whether
FdC would be taken up by glioblastoma. dFdC was adminis-
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ered just before surgery or during anesthesia to 10 patients with
ecurrent glioblastoma. Tumor samples were obtained between
and 4 h after administration, frozen immediately and stored at
80 ◦C.

. Results and discussion

.1. Mass spectra

Fig. 2 shows a full spectrum scan of dFdC across the range
0–2000 m/z. A clear response is observed at 264.1 m/z cor-
esponding to the molecular ion, [M + H]+. No adducts were
bserved corresponding to [2M + H]+ or [M + Na]+ or [M + K]+.
ragments were observed in the Q1 scan at 115.1, 74.1 and 56.3
/z that were not related to the solvent. The 115.1 and 56.3
/z fragments were related to the break up of the ring struc-

ure in the ionization source but do not represent a major source
f error, being relatively low in comparison to the 264.1 m/z
esponse. The 74.1 m/z response was very intense and could
e related to the break down of the sugar ring structure. The
esulting fragment would contain a readily ionizable center and
ould theoretically give a better ion signal than the molecu-

ar ion. The ion was not considered to be significant in the
bjective of the determination of response 264 m/z. Since the
ugar component of the molecule is a common feature of both
ompounds being analyzed and of other molecules that theo-
etically could be in the plasma extract it was not considered
urther.

The primary fragment observed in the fragmentation of the
64 m/z product ion was at 112 m/z which corresponded to
he loss of the ribose unit (Fig. 2, insert). Significantly smaller
ragments were observed at 79 and 95 m/z corresponding to rear-
angements in the primary fragment (112) resulting in the loss
f oxygen and nitrogen groups (Fig. 3). MRM parameters were
ptimized on the 264/112 transition.

Fig. 4 shows a full spectrum scan of CdR and 15N3 CdR. A
lear response for CdR was observed at 228.5 m/z while 15N3
dR was observed at 231.3 m/z. No adducts were observed cor-

esponding to [2M + H]+ or [M + Na]+ or [M + K]+ for either
ompound. Signals were maximized for the product ions 228
nd 231, respectively. Fragments not related to the solvent were
bserved in the Q1 scan for CdR at 112.3, 160.2 and 183.3
/z, but 15N3 CdR at 115.3, 122.5 and 102.3 m/z. The 160.2

esponse was related to the loss of cysteine from the CdR ring
tructure, whereas, 112.2 and 115.3 represent the loss of the
ibose unit from the respective molecules CdR and 15N3 CdR.
or CdR 183.3 m/z was the major observable Q1 fragment and
ould be related to the loss of CH2CHOH from the ribose ring
tructure, this was not observed for 15N3 CdR. For 15N3 CdR
ignificantly smaller Q1 fragments were observed at 99 m/z and
45 m/z corresponding to ions formed from the detached ribose
nit.

For MRM analysis the primary ions from the Q1 scan

ere fragmented for screening in a Q3 spectrum. Primary
dR and 15N3 CdR fragments observed were 112 and 115 as
escribed above. MRM parameters were optimized for CdR on
he 228/112 transition pair and 15N3 CdR 231/115, respectively
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ig. 2. The 50–350 m/z segment from a full spectrum scan (50–2000 m/z) of d
pectrum (insert) of the [M + H]+ ion (264.1 m/z).

Fig. 4, insert). UdR and dFdU were optimized in a similar
ashion as CdR and dFdC establishing optimized transition
airs of 229/113 m/z and 265/113 m/z, respectively (data not
hown).

.2. Activity

Each compound was infused directly into the MS detec-
ion system and all MRM transitions were monitored. A %
on-specific baseline was calculated based on the total ion
ount observed for dFdC, dFdU, CdR, UdR and 15N3 CdR.
o evidence of a response could be observed for dFdC fol-

owing infusion of CdR, or 15N3 CdR. A minimal to no signal
as observed for CdR after infusion with 15N3 CdR. THU,
FdU and UdR were also investigated and no interference could
e observed with CdR and dFdC transitions pairs (Table 2).
owever, in reverse infusions, CdR and dFdC demonstrated a

M + 1]+ response for UdR and dFdU, respectively. To deter-
ine UdR and dFdU in the same analysis as CdR and dFdC,
complete chromatographic separation is necessary to avoid

crosstalk” contamination. In the mass spectrometry optimiza-
ion the optimal solvent conditions to maximize sensitivity for
dR and dFdC consisted of 50 mM formic acid and acetoni-
rile. Chromatography was established using conditions of 9:1
v/v) aqueous: solvent ratio with CdR and dFdC co-eluting at
pproximately 2.3 min (Fig. 5). Under these conditions UdR and
FdU co-eluted at approximately 1.7 min. Note also that in blank

u
e
f
f

in 90% 50 mM formic acid:10% acetonitrile with the 50–150 m/z product ion

lasma endogenous CdR gives a signal approximately three to
our times the baseline.

.3. Limit of detection

The detection limit was set for each compound as the low-
st concentration that had a signal to noise ratio of 3 or greater.
ignal to noise ratio (S/N) was calculated as being the peak

ntensity divided by the average of the noise preceding the peak
lution under optimized chromatographic conditions. dFdC gave
signal as low as 0.5 ng/ml but with a signal to noise ratio

f less than 3, hence the detection limit was set at 1 ng/ml,
hich has a S/N ratio of 3.5. CdR gave a slightly less sensi-

ive signal where the detection limit was set to 1.5 ng/ml. UdR
as relatively less sensitive compared to CdR and dFdC when

xtracted from plasma alone. However, when extracted from
lasma containing THU and dFdU, UdR was subject to intense
nterference limiting the quantitative determination of this
omponent.

The limit of quantitation (LOQ) was set at 0.019 �M for
FdC, and 0.022 �M for CdR. The values are well below the
etection limits reported for HPLC/UV assays from both our-
elves and others (Table 3). The described extraction methods

sed different but more traditional extraction techniques, how-
ver, we observed ion suppression and chromatographic inter-
erence from these forms of extractions whereas, the use of
reeze drying in conjunction with a back-extraction approach
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Fig. 3. Suspected fragm

o water potentially led to more favorable results. The observed
ensitivity was similar to that reported by Xu et al. [21] but
he simplicity of the extraction and shorter chromatographic
ime represented an added benefit. The use of MRM techniques
rovided greater selectivity for each component but limited the
aximum detectable.
The lower sensitivity to dFdU presented no problems since

he plasma concentrations of dFdU would always be greater
han the upper limit to the mass sensitivity. dFdU can easily

e measured with a standard HPLC-UV techniques, detectable
ell after dFdC administration [23]. The lack of sensitivity to
dR was directly attributable to the levels of dFdU present in

he concentrated sample.

e
a
w
c

tion pattern for dFdC.

.4. Recovery, precision and accuracy

The results for dFdC and CdR extracted from human plasma
re shown in Table 4, whereas, tissue extractions were compared
o neat standard regressions. This was due to the limited tumor
issue available (50–150 mg); hence, the preparation of stan-
ard regressions in sample matrix was impossible. However,
he plasma recovery was calculated to be nearly 100% for all
omponents using this extraction technique and a similar recov-

ry was assumed for tissue with given limitations. Precision and
ccuracy for both compounds were within ±15% of expected,
hich, conforms to known regulatory specifications of analyti-

al methodology (Table 4). UdR did not conform to the ±15%
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Fig. 4. The 50–350 m/z segment from a full spectrum scan (50–2000 m/z) of CdR and 15N3 CdR in 90% 50 mM formic acid:10% acetonitrile. The molecular ions
([M + H]+) for CdR and 15N3 CdR can be observed at 228 and 231 m/z, respectively.
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ig. 5. Plasma extracted 500 ng/ml standard (A) and plasma extracted blank sa
ormic acid:acetonitrile at 1 ml/min. Ionization source was a turbo ion spray set

uideline specification, chromatographic separation was poor
nd subject to the influence of co-eluting negative peaks. Inter-
erence was traced to the presence of dFdU and THU extracted
rom the plasma. Quantitative determination of both UdR and
FdU was not realistically possible under these circumstances.

.5. Linearity
Each component has a different response to mass spectro-
etric detection and the line of best fit was determined by

omparing the least squared linear regression using either using
eighting factors (1/x, 1/x2) or no weighting. The situation

a
i
a
s

(B) for dFdC and CdR using chromatographic conditions of 9:1 (v/v) 50 mM
5 ◦C and an ion voltage of 3.5 kV.

f the best linearity was calculated as the regression which
sed the lowest weighting group and gave the broadest range
f accuracy. The difference between using area or the peak
eight was also determined. dFdC showed good linearity under
ll weighting factors but best demonstrated linearity using 1/x
eighting with area with an average slope of 1.051 ± 0.13 and

ntercept of −6.335 ± 7.17, regression coefficient was 0.9982.
dR also demonstrated good linearity with all weighting groups

nd the best regression was determined to be that which
nvolved no weighting. Average regression data was calculated
s slope = 0.988 ± 0.05, intercept = 2.638 ± 3.52 and a regres-
ion coefficient of 0.9996. UdR demonstrated good linearity
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method with a concentration versus time profile from one patient
given 180 mg/m2. CdR was also determined over the course of
the pharmacokinetic investigation and surprisingly, following
gemcitabine treatment CdR plasma levels increased over time
ig. 6. Chromatogram of a tissue extracted sample demonstrating the sensitivi
issue taken from a male subject 1.5 h after infusion with 1000 mg/m2 dFdC on
nd 0.69 nmol/g tissue for CdR.

bove 20 ng/ml with 1/x2 weighting when extracted from
lank plasma, however, linearity was significantly adversely
ffected when dFdU was included in the standard extract. Chro-
atography was subject to disruption at baseline (negative

eaks) masking UdR detection below 50–100 ng/ml. Consid-
ring the required sensitivity for this component (1–10 ng/ml)
his assay did not represent the necessary quantitative accuracy
e required. Further work on UdR for quantitative analysis was
erformed using a different approach not reported here. It was
ot necessary to continue with dFdU quantitative analysis since
n existing HPLC-UV method already provides sufficient sen-
itivity and accuracy for this component.

The linearity of the assay was comparable to other assays,
ither HPLC-UV or LC–MS, although the sensitivity for HPLC-
V assays have a higher LOQ of approximately 0.1–0.4 �M

Table 2). The limitation found for this assay was in the deter-
ination of UdR, although this did not affect the analysis of

FdC. Measured data for UdR indicated that plasma concentra-
ions did not increase significantly whereas, CdR was observed
o increase during dFdC infusion (data not shown). However, the
ssay would be suitable for the detection of UdR in plasma of
atients or animals treated with thymidylate synthase inhibitors,
here the UdR sensitivity is increased significantly due to the

emoval of the dFdU interference. This assay has demonstrated a
igher sensitivity to most reported HPLC assays, which require
ore extensive extraction procedures.

.6. Tissue
Fig. 6 shows a tissue extraction of a patient treated with dFdC
btained from a separate clinical trial. The tissue sample was
art of a collection stored at −80 ◦C for 2–3 years prior to the

F
d

d selectivity of the developed method. The sample shown is for Glioblastoma
min schedule. Relative concentrations found were 0.64 nmol/g tissue for dFdC

evelopment of this method, indicating the stability of the sam-
les under these storage conditions. Original HPLC-UV analysis
id not show any dFdC content; however, the chromatogram
bserved is clear of interference and shows significant dFdC
nd CdR levels to be present.

.7. Plasma

The method was initially used to determine low levels of
FdC in plasma from patients receiving a 24 h infusion. The
harmacokinetic results of that investigation will be reported
lsewhere. However, Fig. 7 illustrates the applicability of this
ig. 7. Concentration vs. time profile from one patient treated with 180 mg/m2

FdC infused intravenously over a 24-h period.
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Table 3
Percentage relative ion counts observed for 264/112, 228/112 and 231/115 MRM
transitions following infusion of neat standard solutions of dFdC, dFdU, CdR
and UdR

Compounds MRM monitor

dFdC CdR UdR 15N3 CdR

dFdC Baseline of
1.15e5 cps

0.02% 0.03% 0.1%

CdR 0.07% Baseline of
2.8e5 cps

0.4% 0.05%

UdR 0.03% 0.4% Baseline of
3.8e4 cps

0.06%

15N3 CdR 0.02% 0.12% 0.06% Baseline of
3.8e5 cps

dFdU 0.13% 0.004% 0.07% 0.03%

Table 4
Recovery, precision and accuracy of the LC–MS/MS assay for gemcitabine and
deoxycytidine extracted from human plasma

Spiked concentration
(ng/ml)

Calculated
concentration (ng/ml)
CV

% Recovery

dFdC 500 522.8 ± 4.6 90.1
100 93.8 ± 6.2

10 11.0 ± 10.2

CdR 500 500.3 ± 0.1 99.2
100 102.4 ± 2.4

10 10.5 ± 4.6

UdR 1000 1008.1 ± 0.8 100.4

u
q
t
i

4

r
a
a
w
m
f
l
e
r
a
o

t
p
t
l
s

100 102.1 ± 2.1
50 49.2 ± 1.7

ntil the end of infusion (24 h) (Fig. 7). The assay has subse-
uently been applied to the determination of systemic exposure
o locally administered dFdC to the liver with a hepatic artery
nfusion.

. Conclusion

The developed method was demonstrated to be selective and
eliable for plasma and tissue extractions with reference to dFdC
nd CdR. In comparison to traditional HPLC-UV methods the
ssay demonstrates a several fold (10–20) increase in sensitivity,
hile the selectivity of the LC–MS/MS technique enables the
easurement of dFdC in various types of tissue without inter-

erence. The UdR response was subject to interference that was
inked to the high concentration of dFdU and THU present in
ach sample. This prevented the determination of UdR with any
eliability; however, the basic method was shown to be reliable
nd can be used for the fast determination of low concentrations
f UdR in plasma, provided dFdU or THU is not present.

The developed method has demonstrated sufficient sensitivity
o detect low levels of gemcitabine and deoxycytidine in human

lasma and tissue. This procedure can be applied retrospectively
o clinical samples with previously undetectable gemcitabine
evels stored under correct conditions as well as provide a fast,
ensitive method of detection for future clinical investigations.
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